ABSTRACT At pH 5.4, apotransferrin (iron-free transferrin) binds to cell-surface transferrin receptors to the same extent and with the same affinity as does diferric transferrin at pH 7.0. Apotransferrin is quickly dissociated from its receptor when the pH is raised to 7.0. These and other results strongly support a simple model that explains the cycling of transferrin during a single cycle of receptor-mediated endocytosis. Diferric transferrin binds to cell-surface receptors, and the transferrin-receptor complex is endocytosed. The pH of the endocytic vesicle is lowered to 5.5 or below; this causes dissociation of iron from the transferrin-receptor complex, but apotransferrin remains bound to its receptor. The iron remains within the cell, and the apotransferrin-receptor complex is recycled to the cell surface. Upon encountering the neutral pH of the medium, apotransferrin is dissociated from the cell.
cific cell-surface receptors and are internalized in membranelimited endocytic vesicles (1, 2) . Most ligands studied to date are degraded within the cell; examples include asialoglycoproteins, insulin, epidermal growth factor, low density lipoprotein, and human choriogonadotropin (3) (4) (5) (6) (7) (8) . Although the exact pathway followed by such ligands is not known, many receptor-ligand complexes enter the cell through clathrin-coated pits and vesicles. Dissociation of receptor and ligand then occurs, probably in a prelysosomal vesicle (9) (10) (11) (12) (13) (14) , and the ligand is transported in a series of vesicles to lysosomes, wherein it is degraded (1, 2, 4, (6) (7) (8) . Less is known about the pathway taken by the receptor. In several systems the receptor is not degraded but recycles to the cell surface; such is the case for the receptors to asialoglycoprotein (15) , insulin (16, 17) , a2 macroglobulin (18) , mannose (19) , mannose 6-phosphate (20) and low density lipoprotein (21) .
The fate of transferrin is different. Transferrin (22) , a major mammalian serum glycoprotein, transports iron from sites of absorption and storage to tissue cells. The first step of iron delivery involves binding of ferrotransferrin to specific cellsurface receptors (23) that are found on all growing cells. This iron-loaded transferrin is subsequently internalized by endocytosis, and the iron is delivered to the cell (24) (25) (26) (27) (28) . However, apotransferrin (iron-free transferrin) is not degraded within the cell, but is exocytosed intact into the medium (ref. 29 ; unpublished data). Is apotransferrin dissociated from its receptor within the cell? If so, how does it escape degradation by the lysosome and how is it secreted into medium? Or does transferrin remain bound to its receptor in endocytic vesicles? If so, how and when is apotransferrin released from its receptor into the culture medium?
Endocytic vesicles which contain a2-macroglobulin or transferrin are acidic, with a pH of about 5 (12, 30) . In this paper we demonstrate the unique pattern of binding of transferrin and apotransferrin to its receptor as a function of pH. These studies allow us to formulate a model for delivery by transferrin of iron into the cell and for recycling of apotransferrin to the medium.
MATERIALS AND METHODS
Cells. The maintenance of the human hepatoma cell HepG2 (31), on which all experiments were conducted, has been described (32) .
Labeling of Proteins. Human transferrin was purchased from
Calbiochem. Na'5I and 59FeCl3 were obtained from the Radiochemical Centre and desferrioxamine (desferal) was obtained from CIBA Pharmaceutical. Transferrin was saturated with iron just prior to iodination as described by Karin and Mintz (27) . The degree of iron saturation, as assessed by absorption at 465 nm, was more than 90%. Transferrin, insulin, and asialoorosomucoid were iodinated as described (27, 33) . Labeled transferrin and asialoorosomucoid were then filtered through a Sephadex G-25 column equilibrated with 20 mM Na Hepes/0. 15 M NaCl, pH 7.3, and were stored at -70°C. For loading transferrin with 59Fe, 0.8 ,umol of 59FeC13 was neutralized with sodium hydroxide; 16 ,umol of nitrilotriacetic acid was added, and the solution was neutralized again. After the solution was boiled for 5 min under nitrogen and cooled on ice, the solution was added to 0.36 ,mol of transferrin dissolved in 100 ,ul of 0.1 M NaCl04/20 mM NaHCO3/10 mM Tris-HCl, pH 7.6 . After a 1-hr incubation at room temperature, the mixture was chromatographed on a Sephadex G-25 column (1 X 50 cm) equilibrated in 20 mM Tris HCl (pH 7.6).
[59Fe]Transferrin (diferric) was recovered and dialyzed overnight in 20 mM Hepes (pH 7.5). lodinated unloaded transferrin ('"I-apotransferrin) was prepared prior to each experiment from iodinated iron-loaded transferrin ('"I-transferrin). To a solution of '"I-transferrin, NaOAc was added to a final concentration of 0.1 M and a final pH of 4.9, and desferrioxamine was added to a final concentration of 100 ,uM; after 2 hr of incubation at room temperature, 1 M NaOH was added to a final concentration of 65 mM to neutralize the apotransferrin solution.
Protein Determination. Quantitations of cellular protein were carried out as described by Lowry et al. (34) 40 nM, of 125I-transferrin, '25I-labeled insulin, or "2I-labeled asialoorosomucoid, respectively. After being washed with unbound ligand, the cells were solubilized in 1 M sodium hydroxide, and radioactivity was assayed in a Packard gamma counter. Nonspecific binding, determined by performing the binding assay in the presence of a 200-fold excess of the appropriate unlabeled ligand, was less than 10% of the specific binding and was subtracted from all data.
Binding at pH 5.4 was performed in protein-free minimal essential medium (GIBCO) containing 25 mM NaOAc (pH 5.4).
RESULTS
Transferrin Bound to Its Receptor Unloads Its Iron at Acid pH but Remains Bound to Its Receptor. The two bound iron atoms are dissociated from diferric transferrin at a pH of less than 5 (22, 35, 36) . Because the pH of endocytic vesicles is also less than 5, we wondered whether iron from receptorbound transferrin is also dissociated at acid pH and, more importantly, whether the resultant apotransferrin dissociates from its receptor under these conditions. To this end, either 15I-labeled ferrotransferrin or [59Fe]transferrin was bound at 4°C to HepG2 cells at neutral pH. Unbound ligand was removed, and the cells were incubated at 4°C for 10 min in the presence of 50 ,LM desferrioxamine, a potent iron chelator, at different pH values ranging from 4.5 to 7.5. The amount of radioactivity associated with the cells and present in the incubation buffer was determined. Treatment at acid pH in the presence of iron chelator released the iron associated with transferrin, but the transferrin protein itself remained tightly bound to its receptor ( Fig. 1 A similar result was obtained at 37°C (Fig. 2) Fig. 4 shows this directly. Scatchard (37) analysis of the data gave 58,000 binding sites for iron-free transferrin per cell and an apparent dissociation constant Kd = 13 X 10-9 M. The binding assay was performed in the presence of 50 ,uM desferrioxamine to prevent loading of apotransferrin with iron present in buffers. Fig. 5 shows the binding of iron-loaded transferrin at pH 5.4 (Fig. 6) showed that apotransferrin, bound to its receptor at pH 5.4, is rapidly dissociated when the pH is raised to 7.3. Diferric transferrin was bound to HepG2 cells at 4°C and pH 7.3, and excess ligand was removed. Transferrin bound to its surface receptor was stripped of iron by incubation of the cells for 10 min at 4°C at pH 5 in the presence of 50 ,uM desferrioxamine. This treatment caused loss of iron, but the apotransferrin remained bound to its receptor. The acidic buffer was removed, and the cells were incubated at neutral pH and at 4°C for different times (Fig. 6) . Apotransferrin, bound to its receptor at acid pH, dissociated from that receptor at pH 7.3 with a half time of 2.5 min at 4°C. (The rate of dissociation was the same whether or not unlabeled transferrin was included in the dissociation reaction.) In contrast, diferric transferrin dissociated from its surface receptor under these conditions with a half-time of 90 min. At 37°C, the respective half-lives were 16 sec and 7.5 min (data not shown).
DISCUSSION
Ligands that enter a cell by receptor-mediated endocytosis are rapidly found in small intracellular vesicles. Tycko and Maxfield (12) showed that a2 macroglobulin is found in an intracellular nonlysosomal compartment with an internal pH of about 5. More recently, Van Renswoude et aL (30) showed that, after endocytosis, transferrin is found within an acidic intracellular compartment that can be separated from lysosomes by density gradient fractionation.
The present experiments have been carried on HepG2 cells, which bear on their surface 60,000 high-affinity receptor sites for transferrin (Kd = 7 x 10-9 M). At 4°C, transferrin binds to these receptors, but is not internalized. After warming to 370C, about 40% of surface-bound diferric transferrin is eluted intact into the binding medium (with a half-time of 7.5 min).
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The balance is internalized, presumably into endocytic vesicles, with a half-time of about 3 min. All of the internalized iron remains within the cells, but all of the internalized ironfree transferrin protein is secreted into the medium, with a half-time of about 8 min (unpublished data).
The present studies have clarified the fate of receptor-bound diferric transferrin in such an acidic compartment. At pH values from 4.5 to 7.5, transferrin remains bound to its receptor (Figs. 1-3) . The binding of iron to transferrin is destabilized at acid pH (22, 35, 36) . At pH 5-5.5, in the presence of desferrioxamine, iron is rapidly removed from transferrin bound to its receptor. Importantly, apotransferrin remains-tightly bound to its receptor at these acidic pHs. When the apotransferrin-receptor complex is subjected to neutral pH, apotransferrin rapidly dissociates from the receptor, with a halftime (2.5 min at 40C, or 16 sec at 37C) that is 30-40 times faster than that for the diferric transferrin-receptor complex (90 min at 40C and 7.5 min at 37QC) (unpublished data).
These results suggest a novel model for the delivery of iron to cells and for the cycling of transferrin (Fig. 7) . Iron-loaded transferrin binds to its receptor on the cell surface at neutral pH; under these conditions, binding of apotransferrin is negligible. After binding, diferric transferrin is internalized by receptor-mediated endocytosis. Within 2-6 min, the transferrin-receptor complex moves to an acidic nonlysosomal compartment. There, perhaps in the presence of an iron-chelating component, iron is released from transferrin; we do not know how the iron is transported across the membrane of the vesicle into the cytoplasm. Apotransferrin remains bound to its receptor, and together they are recycled to the cell surface. Upon reaching neutral pH, (either at the cell surface or just prior to it in an intracellular vesicle), apotransferrin rapidly dissociates from its receptor. The free receptor on the cell surface is available for another cycle of receptor-mediated endocytosis. The released apotransferrin will be transported in the blood to a loading site where two ferric ions will be readded.
Other ligands subjected to receptor-mediated endocytosis, 0 pH < 5. Fig. 3; 3 , 20, 38) , and low density lipoprotein does not bind to its specific receptor below pH 6 (39). Transferrin is unique in that it does not dissociate from its receptor at pH values below 5.5. We speculate that the diferric transferrin-receptor complex enters CURL vesicles, wherein the iron is lost; the apotransferrinreceptor complex would enter the tubular vesicles associated with the CURL and, thus, would be recycled to the cell surface. To test this model, it will be necessary to conduct immuno-electron-microscopic studies (14) , in which the fates of transferrin and its receptor are followed in the same cell. At pH 5.4, the binding constant of apotransferrin to the transferrin receptor (Kd = 13 X 10-9 M) is similar to that for binding of diferric transferrin to the same receptor at neutral pH (Kd = 7 X 10-9 M; ref. 33 ). We can detect little specific binding of apotransferrin to the transferrin receptor at pH 7.3, and we estimate that the dissociation constant is greater than 7 X 10-7 M. Bridges et aL (29) also found no binding of apotransferrin to surface receptors at neutral pH. Workers who claim binding of apotransferrin to cell-surface receptors at neutral pH (27, 40) do not utilize iron chelators in the binding reaction; under these conditions, we have found that holotransferrin is generated by the trace levels of iron present in all salt solutions. Our results suggest that the conformation of apotransferrin at pH 5.4 is similar to that of diferric transferrin at neutral pH, especially that of the receptor binding site. In contrast, the conformation of apotransferrin or of its receptor, or both, at pH 5.4 must be different from the conformations at neutral pH. Further comparison of the conformation and physiochemical properties of apo-and diferric transferrin, and of the transferrin receptor at neutral and acidic pH are needed to understand these pH-dependent changes of affinity between transferrin and its receptor.
